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352 µs. Spin-echo interrogation times for experiments described in the main text are limited to times within the initial collapse of the echo signal (which is entirely suppressed for τ > 100 µs). In rotating experiments, we did not observe any spin-echo revival. The primary factor responsible is the effective AC magnetic field due to a mutual misalignment of the bias magnetic field and NV axis (fixed at 54.7 • ) from the rotation axis (Eq. 1 of the main text). For a τ = 300 µs spin-echo interrogation time, B 0 = 6.2 G and the diamond rotating at 3.33 kHz, the spinecho phase accumulated is π for only a 0.01 • magnetic field misalignment from the rotation axis. With our apparatus it was not possible to control the alignment to such precision, leading to an effective AC magnetic field with random amplitude and phase that suppressed the revival when rotating. Another factor in the non-observation of the echo revival when rotating is due to rotationally-induced shifts of the nuclear spin precession frequency [15] which were not characterized when the experiments in this work were conducted.
section S2. Effect of laser pulse duration
The NV center used in our experiments, NV1, is located about 10µm from the center of rotation. It therefore exhibits circular motion, and has a significant tangential velocity (25 cm s −1 at 3.33 kHz). The duration of the laser pulse in our strobed confocal microscopy experiments determines the angular displacement of the NVs during imaging. The minimum laser pulse time we use is 2 µs. For shorter pulse durations the signal to noise of the resulting images is substantially lower than that presented in the main text. Longer pulse durations lead to 'smearing' of the emitted fluorescence during a strobed confocal image, as shown in fig. S2 . Random jitter of the motor period broadens the fluorescence along the rotation arc shown in fig. S 2. From stationary confocal images, we fit a Gaussian model to determine the characteristic width of the spatial profile, and find (σ x , σ y ) = (286, 291) nm, with σ i the 1/e 2 radius. Analyzing time-dependent photoluminescence traces of the NV moving under the laser beam reveals a characteristic temporal width of σ pl,t = 2.6 µs. Using the tangential speed of the NV, the average spatial width σ = 289 nm can be converted to an equivalent temporal width, σ t = 1.3 µs. We simulate period jitter of the motor by sampling random shifts of the mean value (center) of the temporal intensity profile with intrinsic width σ t from a normal distribution of width σ jitter and adjust σ jitter until the width of the fluorescence over many averages corresponds to that measured in rotating photoluminescence experiments (fig.
S 3). We find that the motor period exhibits a standard deviation of 1.1 µs over a 15 min averaging period, corresponding to a 0.4% error in the motor period. For individual consecutive periods of the motor we typically observe period variations on the order of a few hundred nanoseconds.
While period jitter of the motor broadens the strobed confocal images (and photoluminescence time traces), wobble of the axis broadens the confocal images radially. For pulse durations of 2 µs, it can be observed that the radial broadening and azimuthal smearing are approximately equal, suggesting horizontal wobble on the order of a few hundred nanometers. We simulated the state-dependent photoluminescent response to time-dependent optical pumping using the theoretical models outlined in Refs. [26, 27] of the main text. In the absence of a magnetic field, the NV is modelled as a seven-level system: the single bright and two dark states in the ground state manifold (|0〉, |1〉 and |2〉), the complementary states in the excited state manifold (|3〉, |4〉 and |5〉) and the singlet state in the non-radiative transition pathway (|6〉). The rate equations for the state populations n i are given by
with the relaxation rates and pumping rates connecting different states i and j denoted by k ij .
We determined that k30 = k41 = k52 = 6.5 × 10 7 s -1 , k36 = 1.1 × 10 7 s -1 , k46 = k56 = 3 × 10 7 s -1 , k60 = 3× 10 6 s -1 and k61 = k62 = 1.3 × 10 6 s -1 for the relaxation rates and k03 = β(t)k30, k14 = β(t)k41 and k25 = β(t)k52 for the pumping rates best described the photoluminescence traces observed in our experiments. Here, β(t) is a truncated Gaussian function with 1/e width ≈ 1 µs, which matched the measured data reasonably well.
A particularly important degree of freedom in our experiment is the time at which the laser illumination is switched on: although the NV is constantly moving, we can adjust the trigger delay time t D that controls when the NV enters the laser preparation region. The NV can then either move gradually through the beam, in which case the emitted fluorescence would appear to be Gaussian, or we could turn the laser beam on as the NV is immediately below the highest intensity point, and the emitted fluorescence is approximately a truncated Gaussian. The state-dependent pumping dynamics that give rise to state contrast, and therefore the ability to determine the NV state, depend on this delay time t D . Figure S4 shows the simulated state contrast (bright state-dark state fluorescence) as a function of the measurement and delay times as well as the corresponding time traces at three delay times.
It is clearly evident that unless the laser illumination is switched on (in this case, always at t = 2.0 µs) when the NV is directly below it, the fluorescence contrast is significantly reduced.
section S4. Drift during experiments
Due to the small number of photons collected during each laser pulse, experiments must be repeated many (> 10 5 ) times to obtain statistically significant results. S3 . Estimation of motor period jitter. Fluorescence is collected from an NV moving under the laser beam (blue data points). We then determine from fits to stationary confocal images of a single NV center the equivalent temporal width σ t the NV would be expected to exhibit as it moved under the laser, assuming no jitter (purple). We then simulate jitter of the motor period by averaging the result of many simulated fluorescence traces with the same intrinsic width σ t but variable mean position. The random shifts are drawn from a normal distribution centered at 0 with a width given by σjitter. The value of σjitter is determined by fitting the simulation to the data, giving σjitter = 1.1µs. Curves are displaced vertically for clarity. The state contrast is optimized for tD = 2µs, corresponding to the NV being directly below the laser illumination region when it is switched on and thus seeing the peak spatiotemporal intensity.
